In trypanosomes the rRNA, PARP and VSG gene promoters mediate a-amanitin-reslstant transcription of protein coding genes, presumably by RNA polymerase (pol) I. We compared the activity of PARP and VSG promoters integrated at one of the alleles of the largest subunit of pol II genes In insect form trypanosomes. Even though both promoters are roughly equally active in transient transformation assays in insect form trypanosomes, only the PARP promoter functioned effectively when integrated at the pol II largest subunit or other loci. Promoter activity in transient transformation assays is therefore not necessarily predictive of transcriptional activity once integrated into the trypanosome genome. The Integrated fully active PARP promoter could upregulate In cis an otherwise poorly active integrated VSG promoter. The PARP promoter nucleotide sequence elements responsible for VSG promoter activation coincided with most of the important PARP promoter elements mapped previously by linker scanning mutagenesis, indicating that it is not a single unique promoter element that was responsible for VSG promoter activation. The data suggest that PARP promotermediated activation of the VSG promoter does not result from complementation of the VSG promoter with a single insect form-specific transcription factor whose binding site Is missing from the VSG promoter and present in the PARP promoter. We favor a model in which chromatin structure at the locus is altered by the PARP promoter, allowing VSG promoter activation in insect form trypanosomes. We discuss the significance of these observations for the control of VSG promoters in insect form trypanosomes.
INTRODUCTION
The protozoan parasite Trypanosoma brucei is the causative agent of sleeping sickness in humans. The bloodstream form of T.brucei evades destruction by the mammalian host's immune system by periodically altering the antigenic identity of its major surface antigen, the variant surface glycoprotein (VSG). VSG coat switching is accomplished by the sequential expression of one VSG gene at a time from a repertoire of several hundred distinct silent (basic-copy, BC) VSG genes encoded in the trypanosome genome. The expressed VSG gene is invariably located at one of several telomeric expression sites (ESs), at the 3' end of a large (45-60 kb) polycistronic transcription unit encoding various ES-associated genes (ESAGs). Two mechanisms have been described for the activation of a VSG gene: translocation of a VSG gene into an already transcriptionally active ES; and in situ activation of a new ES and concomitant inactivation of the previously active ES (for reviews see [1] [2] [3] [4] [5] .
Upon ingestion by its insect vector, the tsetse fly, bloodstream form trypanosomes differentiate into the insect-derived procyclic form, which does not express VSG genes. Procyclic trypanosomes express an invariant cell surface protein, the procyclic acidic repetitive protein (PARP) or procyclin, which is absent in bloodstream form trypanosomes (6-9; reviewed in 10). The PARP genes are organized into small polycistronically transcribed loci (A, B1 and B2; or ProC, ProB and ProA, respectively), each encoding two (11) (12) (13) (14) or three PARP genes, depending on the strain (15, 16) . Additional genes, located downstream of the PARP genes and belonging to the same transcription unit, have been found (17, 18) . These are related to ESAGs and were termed genes related to ESAG (GRESAGs) or procyclin-associated genes (PAGs).
Transcription of VSG and PARP genes is resistant to the drug a-amanitin (12, 19, 20) , which led to the proposal that these genes are transcribed by RNA polymerase (pol) I (21, 22) . Several lines of evidence support this hypothesis: (i) pol I-mediated transcription of protein coding genes can give rise to functional mRNAs in trypanosomes (23, 24) ; (ii) linker scanning (LS) mutagenesis of the PARP promoter revealed structural similarity to pol I promoters (25) ; (iii) the elements of the PARP promoter and the trypanosome rRNA promoter are functionally interchangeable (26) ; (iv) disruption of both alleles of one of the two genes for the largest subunit of pol II encoded in the trypanosome genome is compatible with a-amanitin-resistant transcription of VSG and PARP genes and a-amanitin-sensitive transcription of house-keeping genes (27) ; (v) PARP promoter-derived neomycin phosphotransferase (neo) RNA locates specifically to the nucleolus (23) , the only known site for pol I-mediated gene expression (28, 29) ; and (vi) transcription of VSG, PARP and rRNA genes is resistant to the non-ionic detergent sarkosyl in nuclear run-on assays, while transcription of other protein coding genes is sensitive (30) .
The promoters of the PARP (12, 13, 31) , VSG (31) (32) (33) (34) (35) and rRNA (36) transcription units have been identified. The rRNA promoter was found to reside between nucleotide position -258 and +10 (37) and to have the rRNA specific nucleotide sequence requirements at the transcription initiation site typical of pol I promoters (23, 37) . Deletion and LS mutagenesis of the PARP B1 locus promoter revealed the presence of important promoter elements in the nucleotide sequence between the transcription initiation site and nucleotide position -250 (25) . A region extending from nucleotides -69 to +12 contains three sequence elements located at -69/-56, -37/-11 and -11/+12. The latter element, when mutated, only moderately affected promoter activity in transient transformation assays. A second region extends from nucleotide -141 to -130, and a third region is positioned at -228/-205 (25) . Mutagenesis of the PARP A locus promoter exposed similar control elements and in addition revealed that changes in the spacing of the elements strongly affected PARP promoter activity (38) . The relative positioning of these elements with respect to the transcription initiation site resembled that of pol I promoters (25) , including the trypanosome rRNA promoter (26) . Deletion mutagenesis of the VSG promoter showed that it is somewhat shorter than the PARP promoter, as all the required elements seem to be confined to the region between -88 and +77 (37, 39) . Similarly, the promoter for a metacyclicspecific VSG gene was found to be contained within 70 bp (40).
We developed constructs that allowed us to measure relative promoter efficiencies at a single chromosomal location. In these constructs the drug-resistance marker was under the control of the endogenous promoter of the targeted locus, and the promoters to be tested independently directed transcription of a chloramphenicol acetyltransferase (CAT) reporter gene (Fig. 1) . We targeted different PARP promoter mutants into the same chromosomal site and determined their relative efficiency in transiently and stably transformed cells. We also targeted a VSG and a rRNA promoter to the same site. Our results show that PARP and VSG promoter activity in transiently expressed plasmids does not fully reflect its activity once integrated in a chromosomal environment The integrated VSG promoter functioned very poorly, although it could be rescued by the PARP promoter in cis. The rRNA promoter presumably interfered with the expression of the drug-resistance marker at the targeted locus, suggesting that only some genomic loci can support stable integration of the rRNA promoter.
MATERIALS AND METHODS

Plasmid constructs
To generate the HphCAT plasmid, we removed, from plasmid Pol II5.9/3B promoter/hygro (a gift from Keith Gottesdiener, Columbia University, New York, NY), the fragments containing a partial largest subunit pol IIB gene, a VSG promoter and the B1 oc-PARP 3' splice acceptor site. The resulting plasmid encoded the hygromycin B phosphotransferase (hph) gene and the £coRI-Mlul fragment of the pa-tubulin intergenic region (41) in pBluescript SK+ (Stratagene). A HindUl-Spel fragment encoding the 3' splice acceptor site (position -197 to -1 relative to the ATG translation initiation codon) of the fructose biphosphate aldolase gene (42) , obtained from plasmid phd 16-neo (a gift from Christine Clayton, Zentrum fur Molekulare Biologie, Heidelberg, Germany), was inserted upstream of the hph gene. The inserted fragment also contained a pBluescript polylinker fragment (from Hindlll to Sma\) upstream of the aldolase splice site region. A 1.6 kb fragment encoding both the CAT gene and the B1 a|3-PARP intergenic region (12) was then inserted upstream of the aldolase 3' splice acceptor site with the coding sequences of the CAT and hph genes on opposite DNA strands. The CAT gene and the aldolase 3' splice acceptor site were separated by four unique restriction sites, CM, HindlU, £c<?RV and Smal, with the Cla\ site closest to the CAT gene. To obtain plasmid HphCAT, a 2.3 kb EcoRl-Hindlll pol IIA gene (43, 44) fragment (probe b in Fig. 1 ), whose ends were made blunt with the Klenow fragment of E.coli DNA polymerase I, was cloned into the Smal site, which was lost in the process. The pol IIA fragment also contained an Sph\ site (7 bp from the 5' end of the fragment and 16 bp from the unique £coRV site of the plasmid) and a BglU site (256 bp from the 3' end of the fragment). The BglN restriction enzyme site was used to linearize all plasmids before transformation, facilitating integration at the largest subunit of pol II locus by gap-repair. A promoterless construct (HphCATO) was obtained by cloning the B1 a-PARP 3' splice acceptor site, extending from nucleotide +4 to +92 relative to the transcription initiation site (12) , as a HindlU-Clal fragment in front of the CAT gene in plasmid HphCAT. The wild-type PARP promoter and the PARP LS mutants used extended from nucleotide -312 to +87, while the PARP promoter 5' deletion mutant extended from nucleotide -121 to +87 (25) . The VSG promoter used, obtained from the active expression site of T.brucei variant 118 clone 1, extended from nucleotide -440 to +271 (45) . The rRNA promoter used, located in a 518 bpAlul fragment, extended from nucleotide -258 to +260 (36) . To obtain the constructs with the different promoters directing CAT transcription, the wild-type and mutant PARP promoters were cloned into plasmid HphCAT (since these promoters contained their respective 3' splice acceptor sites) as Sphl-EcoRV fragments, while the VSG and rRNA promoters were cloned into plasmid HphCATO as Sphl-HindlU fragments. To obtain the constructs with the promoters in the opposite orientation relative to the CAT gene, the different promoters were cloned into plasmid HphCATO as HindlUSphl fragments. Constructs containing two promoters were obtained by cloning both promoters (as Sphl-b\unt and blunt-///ndIII fragments) into plasmid HphCATO in a three fragment ligation. The distance between the respective transcription initiation sites of the promoter pairs in these constructs was: VSG and rRNA, 738 bp; VSG and wild-type or LS mutant PARP, 828 bp; VSG and 5' deletion PARP, 600 bp. All constructs used for transformation contained the B1 a-PARP 3' splice acceptor site upstream of the CAT gene. The nucleotide sequence and the orientation of the promoters were confirmed by dideoxyribonucleotide sequencing following completion of the final plasmid construct.
Stable transformation and limiting dilution cloning of T.brucei
Procyclic trypanosomes from T.brucei stock 427-60 were maintained at 24°C in SDM-79 medium (46) and passaged every 3 days. Transformation was performed as described by Rudenko et al. (23) . The DNA constructs were linearized at a unique Bgtt\ site within the pol IIA fragment before transformation. Ten (ig of plasmid DNA were used per transformation experiment. Hygromycin B hydrochloride (Sigma, final concentration of 20 |ig/ml) was added 2 days after electroporation. Drug-resistant cell lines were obtained after 2-3 weeks and maintained at the same drug concentration. Limiting dilution cloning was started immediately after addition of the drug or after the establishment of a drug-resistant heterogeneous population. For immediate cloning, the electroporated cells were diluted to 4.4 x 10 4 cells/ml directly after addition of the drug and then plated in 0.1 ml aliquots in 96-well plates. Wild type cells were added in 0.1 ml aliquots at 4 x 10 6 cells/ml as a substitute for conditioned medium, which is required for growth of trypanosomes at a low cell density. Alternatively, drug-resistant heterogeneous populations were diluted with drug-containing medium to a concentration of 1 cell/ml and distributed in 0.5 ml aliquots into 24-well plates. A 1 ml aliquot of a wild type cell suspension at 4 x 10 6 cells/ml was added to each well. Drug selection eventually eliminated wild type cells, allowing proliferation of a homogeneous populations of drug-resistant cells.
DNA analysis of the T.brucei transformants
Genomic DNA was isolated as previously described (47) . Chromosome-size DNA was prepared for pulsed field gradient (PFG) electrophoresis as described (48) and size separated in a Pharmacia LKB Pulsaphor in 20 x 20 cm 1 % agarose gels at 5 V/cm with a pulse frequency of 3000 s for 7 days at 15°C. DNA was transferred to nylon membranes (HyBond-N; Amersham) and hybridized at 65 °C for 16-20 h in 3 x SSC, 10 x Denhardt's solution, 10% dextran sulfate and 100 fig/ml salmon sperm DNA. Probes were labeled to high specific activity with a Random Primed Labeling Kit (Boehringer Mannheim). Final posthybridizational washing conditions were 0.1 x SSC, 0.1% SDS at65°C.
Nascent RNA analysis
Nuclei isolation, nuclear run-on assays and hybridizations were performed as previously described (12, 49) . Slot blots were made with purified DNA fragments (excluding plasmid sequences). The ribosomal DNA fragment used was an 18 kb Pstl fragment of clone pR4 containing an entire rRNA gene repeat (19) . The tubulin fragment was composed of a 1.4 kb Pvull fragment and a 0.7 kb HindlH-EcoKl fragment encoding the a-and (3-tubulin coding sequences, respectively (41) . The PARP fragment was the 0.7 kb EcoRl insert of CPT4 encoding a (J-PARP gene cDNA (50) . The VSG promoter fragment was a 2.5 kb HindUl fragment containing the promoter region of the VSG expression site of T.brucei variant 118 clone 1 (32) . The hph fragment was the 1.0 kb HindlU-BamHl insert of pRSVl.O encoding the hph gene (51). The CAT fragment was a 779 bp Sail fragment encoding the CAT gene. The pol IIE fragment (probe a in Fig. 1 ) was a 1.3 kb EcoRl fragment of clone PII4.8 (27) encoding the 5' flanking region of the pol IIA locus. The pol II E/H fragment (probe b in Fig. 1 ) was a 2.3 kb EcoRl-HindlU fragment of clone PII4.8 encoding part of the coding region of the pol IIA gene. The nuclei were incubated at 37°C for 5 min for nascent RNA elongation.
Post-hybridizational washing stringency was 0.1 x SSC, 0.1 % SDS at 65 °C.
CAT assays
Whole cell extracts of homogeneous populations of stably transformed cell lines were used for CAT assays, which were performed essentially as previously described (23) . Cells were harvested at a cell density of 5 x 10 6 cells/ml and extracts were made of 3 x 10 7 cells. Cultures harvested at a cell density above 1 x 10 7 cells/ml produced extracts with consistently lower CAT activities. The cell extracts were diluted up to 100-fold in 0.1 M Tris-HCl, pH 7.5 in order to keep the CAT activity in the linear range. Each stable cell line was typically assayed in triplicate. Transient CAT assays were performed as previously described (23) .
RESULTS
Measuring promoter activity in stably transformed insect form trypanosomes
We designed a series of constructs in which the selection of stable transformants and the strength of the promoter to be tested were uncoupled by placing, on opposite DNA strands, a promoterless drug-selection marker gene (hph) and a reporter gene (CAT; Fig.  1 ). These constructs were integrated by homologous recombination into one of the genes encoding the largest subunit of pol II (pol IIA and pol IIB loci). After integration of the plasmid DNA, the hph gene was transcribed under the control of the endogenous promoter of the locus, while the CAT gene, under the control of the promoter to be tested, was positioned ~3 kb downstream of the hph gene in the opposite orientation (see Fig. 1 for a physical map of the integration event). We assumed that the ability to obtain stably transformed cell lines would thus be independent of the strength of the promoter to be tested. In addition, in this configuration CAT mRNA could not be generated by readthrough transcription from the endogenous pol II promoter controlling the targeted locus. We chose the pol II largest subunit loci as the integration site since: (i) integration events at the pol II largest subunit loci did not affect cell viability or the efficiency of transcription of the integrated construct (27) ; (ii) the wild-type PARP promoter functioned efficiently when integrated at a number of pol II-transcribed loci (14, 27, 52) , emphasizing the feasibility of these studies; (iii) the pol II largest subunit loci are transcribed at a low rate in an a-amanitin-sensitive manner, thus permitting the discrimination between a-amanitin-resistant transcription directed by the PARP, VSG or rRNA promoters and transcription of the endogenous locus; (iv) the existence of only four genes for the pol II largest subunit in the T.brucei diploid genome (two alleles of pol IIA and two of pol IIB), each on a separate chromosome (27, 43, 44) , allowed the unambiguous determination of the allele at which integration occurred and thus the exact integration site. Since we were not sure of the effects on promoter activity of potential allelic variation in chromatin structure, we attempted to select cell lines with the different promoters integrated at the same chromosomal site (Table 1) .
We obtained cell lines with single-copy integration events of the construct at the pol IIA and, occasionally, at the pol IIB locus (Fig. 2 and data not shown) , ///ndlll-digested genomic DNA from stable transformants (lanes 2 and 3) and wild-type procyclic trypanosomes (lane 1) were hybridized with EcoRI restriction fragments containing the 5' flanking regions of the pol IIA (probe a in Fig. 1 ) and pol HB loci. Probe a (Fig. 1 ) of the pol II locus was not encoded on the plasmids used for transformations and could thus detect the expected restriction fragment length polymorphism that resulted from the integration event (additional mapping to confirm these conclusions was performed; data not shown). The 4.8 and 5.9 kb bands represent two alleles each of the pol IIA and pol IEB loci, respectively. Integration of the plasmid construct into one allele of the pol IIA locus produced an expected 11 kb fragment (lane 2), while integration into the pol I1B locus produced an expected 12.1 kb fragment (lane 3). Cell lines with the construct integrated at the pol IIA locus were selected, and PFGE analysis further determined the chromosomal site of integration (Fig. 2, lanes 4-6) . The four bands hybridizing to the 5' flanking regions of the pol IIA and pol IIB loci (lane 6) correspond to two alleles of pol IIB, in chromosome bands 10 and 13, and two alleles of pol IIA, in bands 15 and 16 (27) . Hybridization with the hph coding sequence (lanes 4 and 5) shows cell lines containing the construct integrated at two different alleles of the pol IIA locus. We selected cell lines containing single-copy integration events at the pol IIA locus, and based our analysis mainly on integration events at chromosome band 15 ( Table 1) .
Validation of the integrated CAT reporter assay system
The cell line containing a promoterless CAT gene downstream of the hph gene in the opposite orientation exhibited no detectable CAT activity above background levels, indicating that readthrough transcription at the pol IIA non-coding strand does not occur. In addition, run-on analysis of this cell line showed barely detectable levels of CAT gene transcription, presumably resulting from the low level of readthrough from the endogenous pol IIA locus promoter at the CAT gene non-coding strand (Table 2) . Therefore, in these stable transformants, CAT expression was expected to be completely dependent on the presence of an active test promoter directing transcription of the CAT gene. This was important for our analysis since absolutely silent, non-transcribed loci have not yet been identified in T.brucei. Finally, the transformation efficiency of the different constructs was the same (usually around 1 transformant per 10 4 cells counted 48 h after electroporation), independent of the presence or absence of a test promoter or of its transcriptional strength. This indicated that we were not selecting for low frequency aberrant or unusual events.
The integrated PARP promoter was highly active, in an oc-amanitin-resistant manner, at this chromosomal site, in both orientations, at a level comparable to that of the endogenous PARP promoter (see below). This indicated that integration at the pol IIA locus did not adversely affect functioning of the PARP promoter. The PARP promoter had previously also been shown to be active in the tubulin (14, 52) and the pol IIB locus (27; and data not shown). We conclude that the presence of active transcription units on opposite DNA strands, one directing hph gene expression and the other CAT gene expression, did not result in interference, since transformed cells expressed CAT at the expected levels and were also drug-resistant based on hph gene expression.
Quantification of the CAT gene signal in nuclear run-on analysis showed that the transcriptional efficiency roughly correlated with the enzymatic CAT activity measured in the stable transformants (see below and Table 2 ). Position, orientation and combination of promoters arc shown on the top (not drawn to scale). Black flags correspond to the promoters listed on the left. All cell lines contain a single-copy integration of the plasmid DNA. Chromosome numbering is as shown in Figure 2 . -, indicates that we did not initiate selecting a cell line for this construct; ?, indicates that the chromosomal position of the integrated constructs in the cell lines obtained was not at the pol IIA or pol IIB loci. The chromosomal location of these integration events was not further examined. Quantitation of a-amanitin resistant nuclear run on signals from a representative experiment was done using a Phospholmager from Molecular dynamics. CAT nuclear run-on signals were quantitated using the following internal controls: rRNA, PARP, VSG promoter region, tubulin and miniexon.
PARP and VSG promoter activity in transient versus stable transformation assays
We measured the activity of the wild-type PARP promoter and several PARP promoter mutants when integrated at the pol IIA locus. The PARP promoter mutants used, LS mutants -141/-130, -70/-55, -25/-15, -167-5 and -11/+12, and 5' deletion mutant -121, covered all essential elements previously identified (25, 38) . The CAT activity of the resulting stable eel! lines was determined as described in the Materials and Methods section and compared to the activities of the same promoter mutants in transient transformation assays ( Fig. 3; stable transformations when compared to the relative strength of these promoters in transient assays. However, four additional promoter mutants were markedly less active once integrated at the pol IIA locus, when compared to their activity in transient assays. LS mutant -16/-5 and the 5' deletion mutant -121 were essentially inactive at the pol FIA locus, while the relative activity of LS mutant -141/-130 was reduced from 30 to 1 % of wild type (Fig. 3) . LS mutant -11/+12, covering the transcription initiation site, also showed significantly less transcriptional activity when measured integrated at the pol IIA locus.
We next compared the transcriptional activity of a VSG promoter at the same chromosomal location to that of the PARP promoter. In transient transformation assays, both the VSG and PARP promoters show at most a 2-fold difference in their transcriptional activities in insect form trypanosomes (37; Gottesdiener et al., unpublished). In agreement with these data, transient transformation assays using the HphCAT constructs showed that the activity of the VSG promoter was -50% of that of the PARP promoter (Fig. 3) . However, the activity of the VSG promoter at the pol IIA locus was only -1% of that of the wild-type PARP promoter integrated at the same locus, thus uncovering a large difference in the functioning of these promoters in insect form trypanosomes. Although much weaker than the PARP promoter, the VSG promoter was still active, since the CAT activity of the corresponding cell line was -400-fold above background levels (Fig. 4) . The VSG promoter had previously also been described to function only at very low levels in insect form trypanosomes once integrated at the tubulin locus (53, 54) . In fact, transcription of a drug-selection marker gene placed in an inactive ES under the control of its endogenous VSG promoter is also low (55) . The VSG promoter at the ES thus also appears to function at only very low levels in insect form trypanosomes. 
PARP promoter-mediated activation of the VSG promoter in cis
In order to compare factors controlling PARP and VSG promoter transcriptional efficiencies, we determined whether the presence of an active PARP promoter could upregulate the activity of the VSG promoter in cis. We placed the wild-type PARP promoter upstream of the VSG promoter, directing transcription in the opposite orientation, away from the CAT gene (the distance between the respective transcription initiation sites was 828 bp; see Materials and Methods for details and Fig. 1, transformant 2) . The presence of the PARP promoter led to a 12-fold increase in VSG promoter-derived CAT gene expression ( Fig. 4 ; tested in several independent cell lines). To exclude the possibility that the PARP promoter functioned bi-directionally, we placed the wild-type PARP promoter, by itself, in the reverse orientation, upstream of the CAT gene. This cell line showed no CAT activity above background levels (Fig. 4) . The presence of the PARP promoter in cis thus induced the activation of an otherwise weak VSG promoter in insect form trypanosomes. This finding outlines that the PARP and VSG promoters may share a transcription factor(s) or that the PARP promoter provides a chromatin environment in which the VSG promoter can be activated in insect form trypanosomes.
We performed nascent RNA analysis of several stable transformants in order to determine the efficiency and a-amanitin sensitivity of transcription. As expected, the wild-type PARP promoter directed a-amanitin-resistant transcription of the CAT gene (Fig. 5) . The a-amanitin-resistance of the signals from the vector, the hph gene and the pol IIA E/H fragment in this cell line indicated that PARP promoter-mediated transcription proceeded up to the 5' flanking region of the locus (see physical map in Fig.  1 ). In addition, correction of the hybridization signals for fragment size showed that the levels of PARP-mediated transcription were constant throughout the locus, with a drop of at most Figure 4 . Black bars, relative PARP promoter strength in stable (S) transformations (from Fig. 3 ). Error bars indicate standard deviations. An interruption in the line separates the LS mutants from the deletion mutant since the spacing between the VSG and PARP promoters was changed. Relative VSG promoter activation was calculated using the formula: % = F(m -V/PV -V) x 100, where m is the CAT activity of the cell line containing the mutant PARP promoter upstream of the VSG promoter, V the CAT activity of the cell line containing the VSG promoter alone, and PV the CAT activity of the cell line containing the wild-type PARP promoter upstream of the VSG promoter.
2-fold around the \ector/hph boundary. PARP LS mutants -70/-55 and -25/-15 similarly directed a-amanitin-resistant transcription (data not shown). CAT gene transcription from the PARP promoter-activated VSG promoter was also resistant to a-amanitin, eliminating the possibility that a cryptic, a-amanitinsensitive pol II promoter was responsible for the observed increase in CAT gene expression ( Fig. 5 ; see Table 2 for quantitation). Quantitative analysis of the a-amanitin-resistant hybridization signal of the CAT gene showed that, when expressed relative to the endogenous PARP genes and VSG promoter region, the transcriptional activity of the activated VSG promoter was -20% of that of the PARP promoter, which was in close agreement with the enzymatic CAT assay data. We observed a 10-fold drop in the level of a-amanitin-resistant transcription of vector sequences relative to the CAT gene, indicating that attenuation of transcription occurred around the CAT/vector boundary in this cell line. Finally, the PARP promoter, placed in the reverse orientation upstream of the VSG promoter was transcriptionally active, as shown by the strong, a-amanitin-resistant signal from the pol HA coding region fragment which is now transcribed under the control of the PARP promoter (Fig. 5 , pol IIE/H fragment; probe b in the physical map of Fig. 1 ; this region was duplicated following the integration event, and is positioned immediately downstream of the PARP promoter in this cell line). Quantitative analysis of the corresponding hybridization signals (corrected for fragment size) showed that the PARP promoter directing CAT transcription and the PARP promoter upstream of the VSG promoter were equally active. In addition, the transcriptional efficiency of each was similar to that of the endogenous PARP promoter (corrected for fragment size and copy number; data not shown). Due to the low level of transcription of the activated VSG promoter, it is not possible to accurately map its transcription initiation site.
To determine whether VSG promoter activation correlated with the presence of a particular PARP promoter element, we placed several PARP promoter mutants upstream of the VSG promoter (Fig. 4) . These mutants (LS -141/-130, -70/-55, -167-5 and A -121) covered the major essential PARP promoter elements previously identified (25, 38) . As shown in Figure 4 , a single unique PARP promoter element responsible for the activation of the VSG promoter could not be identified. LS mutants -141 /-130 and -167-5 failed to activate the VSG promoter, while LS mutant -70/-55 and 5' deletion mutant -121 showed at most one quarter of the activation induced by the wild-type PARP promoter. As expected, each of these PARP promoter mutants placed by itself upstream of the CAT gene, in reverse orientation, failed to produce CAT expression (Fig. 4) . The results indicate that different promoter elements may all contribute to VSG promoter activation. The diffuse nature of the PARP promoter element(s) that contributed to the VSG promoter activation argues against rescue of the VSG promoter by its complementation with a single insect form-specific transcription factor whose binding site is missing from the VSG promoter, but present in the PARP promoter.
To determine whether the ability to upregulate VSG promoter activity correlated with PARP promoter transcriptional efficiency, we compared the percentage of VSG activation with the percentage of promoter activity of the different PARP mutants. Figure 6 shows that the ability to activate the VSG promoter of LS mutants -141/-130, -70/-55 and -167-5 correlated with their corresponding transcriptional efficiencies when integrated at the same chromosomal location. In contrast, 5' deletion mutant-121 was capable of upregulating VSG promoter activity while lacking any significant transcriptional efficiency at this locus. Since the transcription initiation sites of both promoters in this construct were 220 bp closer (see Materials and Methods), we cannot exclude the potential influence of distance-dependent effects on VSG promoter activation. We did not investigate the effects of spacing on PARP-mediated VSG promoter activation in this paper.
DISCUSSION
The presence of an active PARP promoter in cis led to a substantial increase in activity of an adjacent VSG promoter. The VSG promoter on its own was only active at very low levels when integrated into the genome in insect form trypanosomes. Mutagenesis of the PARP promoter failed to identify a single promoter element which was responsible for VSG promoter activation. Consequently, we consider it unlikely that the PARP promoter provides an insect form-specific transcription factors) whose binding site(s) is(are) missing in the VSG promoter. Interestingly, VSG promoter activation correlated with PARP promoter strength in the LS series of promoter mutants (Fig. 6) . We, therefore, favor a model in which the PARP promoter generates a suitable chromatin structure that allows activation of the VSG promoter. The data is also consistent with the previously proposed model that the PARP promoter contains subnuclear localization signals that place the targeted locus at a nuclear region suitable for VSG promoter activity (23) .
Our studies show that the transcriptional efficiency of promoters in transient transformation assays is not necessarily predictive of transcriptional activity once integrated into the genome. While the activities of some PARP promoter mutants, like LS -70/-55 and LS -25/-15, were roughly similar in transient transformation assays and in a chromosomal context, the activity of most PARP mutants was markedly reduced once integrated at the pol IIA locus. The activity of the VSG promoter was likewise severely reduced when placed at a chromosomal site. The regulation of promoters, enhancers and other elements in transient transformation assays usually does not reflect the full range of responses observed in their native chromosomal site (56) . In addition, it has been described that plasmid DNA introduced into mammalian cells, without subsequent integration into chromosomes, is packaged, to a variable extent, in what appears to be a more 'active' or weakly repressed nucleosome structure (57, 58) . Nucleosome packaging of promoter sequences have been described to repress transcription in vitro and in vivo (59 and references therein). Current models of promoter activation in eukaryotes involve alteration of nucleosome structure at the promoter region that allows access of general transcription factors and activators to their corresponding binding sites (potentiation). The subsequent interaction of activators with the transcription machinery then increases the rate of formation of a productive initiation complex (true activation) (60) . It is therefore possible that the higher levels of promoter activity that we observed in transient transformation assays for some promoters is due to increased accessibility of transcription factors to a more 'open' nucleosome structure. Consequently, chromatin-mediated regulation of promoter activity may be lost in transient transformation assays.
The constructs tested provide a useful assay system to measure promoter activity in a chromosomal location. We did not find evidence for suppression of gene expression due to anti-sense RNA or due to convergent transcription units. Expression of the hph gene was not blocked even by the presence of large amounts of anti-sense hph transcription generated by the PARP promoter. Similarly, the endogenous a-amanitin sensitive transcription of the locus did not seem to interfere with CAT gene transcription since the PARP promoter was equally active at this locus and at the endogenous PARP locus. Indeed, it has been described that sense and anti-sense RNA from the same gene can be present simultaneously without blocking the expression of the gene under analysis (61) . Transcriptional interference in converging transcription units has been mostly described in prokaryotes (62, 63) , and in some cases interference was observed only above a certain level of promoter strength (63) . In eukaryotes, comparatively few examples have been described of naturally occurring genes on opposite strands with potentially overlapping transcription units (64) (65) (66) . Some instances of interference have been described (64, 67) , although effects from anti-sense RNA have not been ruled out. In contrast, the F element of Drosophila melanogaster contains two pol II promoters separated by 90 bp that direct transcription towards each other apparently without any interference (68) . We also did not detect transcriptional interference between the two convergent transcription units tested here. PARP promoter function was not significantly affected by the endogenous transcription in either orientation, and it was similarly active in other loci (14, 27, 52 ; and data not shown).
It has been proposed that the stage-specific expression of VSG and PARP genes is posttranscriptionally regulated at the level of transcription elongation and mRNA stability (31, 35, 39, 69) . The ability to detect nascent transcripts from the region immediately downstream of the VSG ES promoter, but not from sequences further downstream, in procyclic trypanosomes (31, 32, 35, 69) supports this proposal. However, the repetitive nature of the ES promoter regions, which may be present in up to 20 copies in the trypanosome genome (35, 70) , and the inherent difficulty in distinguishing the origin of transcripts from the nearly identical VSG promoter repeats, have hampered a straightforward interpretation of these data. The observation that the VSG promoter of several ESs is active in transiently transformed procyclic trypanosomes (35, 37, 39, 45) provided additional support for the proposal that the endogenous VSG promoter is active in procyclic trypanosomes. However, this interpretation assumes that the activity of the VSG promoter in a transiently expressed plasmid is similar to its activity at the endogenous, telomeric ES (37, 39) . This assumption may be incorrect and evidence against the VSG promoter being fully active in insect form trypanosomes is accumulating. First, Rudenko et al. (55) tagged the VSG promoter at an ES in insect form trypanosomes and showed that this promoter was only marginally active. Secondly, the VSG promoter integrated at the tubulin locus (53,54) functioned poorly. Finally, we show that a VSG promoter integrated at one specific allele of the pol IIA locus functioned only marginally (this paper) independent of its orientation (Gottesdiener et al., unpublished) . In contrast, a PARP promoter integrated at the same site was fully functional. It is thus conceivable that the endogenous VSG promoter in insect form trypanosomes is inactive (or active only at very low levels) despite its high activity in transiently expressed plasmids. The low level of VSG promoter activity observed when integrated at a chromosomal site has been attributed to promoter occlusion (53, 54) or downregulation to minimize the generation of anti-sense RNA (54) . We believe that these are unlikely explanations since we show that the PARP promoter is strongly active at the same chromosomal site, in either orientation, despite the generation of high levels of anti-sense hph transcripts. Rudenko et al. have proposed that the VSG promoter is repressed by an ES-specific silencer, since the same promoter shows a high level of activity when placed at the non-transcribed spacer of the rRNA locus (55) . However, since it is likely that the VSG promoter is a pol I promoter, the possibility that it is activated by nearby pol I enhancers or by a favorable chromatin structure at the rRNA locus, comparable to the PARP promoter rescue performed here, cannot be ruled out.
We also targeted the rRNA promoter encoded on a similar series of constructs into the pol IIA locus in order to compare its activity to that of the PARP and VSG promoters. In addition, we wanted to determine whether the promoter of another a-amanitinresistant transcription unit could upregulate the VSG promoter in cis. However, we failed to obtain any stable transformants with a rRNA promoter-containing construct integrated at the targeted pol UA or pol IIB loci, even though almost 30 independent cell lines were obtained that contained the PARP or VSG promoter at this locus (Table 1 and data not shown). Even constructs in which the rRNA promoter directed transcription away from the CAT and hph genes failed to yield hygromycin-resistant cell lines with the expected integration event (Fig. 1, transformant 3 ; Table 1 and data not shown). Of the almost 30 different DNA constructs used for transformations only those containing the rRNA promoter failed to generate cell lines with the expected integration events. This is surprising, since hph gene expression was not dependent on rRNA promoter activity. The hph marker used functioned efficiently and was placed under the control of the endogenous pol II promoter of the pol II largest subunit locus. The presence of the rRNA promoter, in either orientation downstream of the hph gene, therefore most likely interfered with the expression of the hph gene. Stable integration of the rRNA promoter directing transcription of a drug-selection marker has been described for all the a-amanitin-resistantly transcribed loci of T.brucei: the rRNA locus (23), the PARP locus (23) and an ES (55) . It has also been described for the pol IIB locus, where the rRNA promoter directed transcription of the neo gene (27) . It is therefore likely that the presence of the rRNA promoter at the targeted locus in cis interfered with the expression of the hph gene.
The data presented indicate that chromosomal environment may influence PARP and VSG promoter activity in insect form T.brucei and that transient and stable transformations need to be compared in order to gain a complete view of developmental transcriptional control in trypanosomes.
